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Basic magma intruded between the Archean gneisses and the dis-
cordantly overlying volcanics in the Early-Proterozoic era, and, 
following Fenner's series of differentiation crystallized into a layered 
sequence of the Porttivaara massif. A relatively complicated border 
group developed between the layered sequence and the Archean 
gneisses consisting of the following units, from the bottom upwards: 
albite-quartz rock, contact gabbro and ultramafitolites. The border 
zone contains sulphide dissemination which consists mainly of chal-
copyrite, pentlandite and pyrrhotite. The sulphide dissemination 
formed during the intrusion of the magma, as contamination lowered 
the solubility of sulphides in the magma. 
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Introduction 

At the beginning of the 1960's O u t o k u m p u 
Co. received severa l cha lcopyr i te and pen t -
landi te bear ing samples f r o m the wes te rn 
pa r t of Koi l l ismaa (Nor theas te rn Finland), 
f r o m the area of the 'Syöte- type gabbros ' 
(Fig. 1). On the basis of these samples, Outo-
k u m p u Co. commenced ore explora t ions in 
this a rea in 1962, ca r ry ing out geological 
mappings , geophysical surveys and d iamond 
dril l ings. These invest igat ions indicated tha t 
r andomly disseminated sulphides of econ-
omical ly in te res t ing concentra t ions exist at 

the bo t tom of the 'Syöte- type gabbro ' bodies. 
Pi lot p l an t concent ra t ion tests w e r e r u n by 
O u t o k u m p u Co., bu t as the resul ts w e r e dis-
couraging, the invest igat ions were t e rmina t ed 
in the s u m m e r of 1968. 

The Koi l l i smaa Research Projec t , which 
was es tabl ished in the spr ing of 1971 to 
ca r ry out explora t ion or iented basic geologi-
cal research on the ore-cr i t ical bel t of maf i c 
in t rus ions f r o m Syöte to N ä r ä n k ä v a a r a , 
cont inued to c la r i fy the su lphide d issemina-
tions, using as a basis O u t o k u m p u Co.'s 
ear l ie r invest igat ions. O u t o k u m p u Co. had 
approached the p rob lem f r o m the point of 
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Fig. 1. Location of the Porttivaara massif on a map modified from (Simonen Geological Map of Fin-
land 1960). 

v iew of explora t ion and concentrat ion, 
leaving the quest ion of the genesis of the ore 
in the background . T h e Research Projec t , 
however , approached it as a p a r t of the 
genera l geological evolut ion of the area, and 
an a t t emp t was m a d e to solve the genetic 
p rob lems f r o m this s tandpoin t . 

Most of the ma te r i a l for s tudy ing the 
su lphide dissemiated rocks or iginates f r o m 
the bo t tom par t s of the P o r t t i v a a r a massif 
(Fig. 2). Geophysical surveys and d iamond 
dri l l ings w e r e car r ied out by O u t o k u m p u Co. 
on the border zone of the massif be tween 
Rusamo and Lavot ta , and la ter on, in the 
s u m m e r of 1975, R a u t a r u u k k i Co. under took 
geophysical surveys, pneuma t i c and d iamond 
dri l l ings at Lavot ta . The Koil l ismaa Research 
P r o j e c t has compiled a geological m a p of 

the marg ina l border g roup (Fig. 3) t ak ing 
into account the outcrops and the above 
ment ioned geophysical and dri l l ing data . In 
connect ion wi th these invest igat ions a g rea t 
amoun t of da ta was ga thered . These da ta 
serve as a basis for the presen t s tudy, the 
purpose of which is to give a p ic ture of t h e 
marg ina l border g roup of the P o r t t i v a a r a 
massif , its su lphide disseminat ion, the re la -
t ionship of the border g roup and the su lphide 
disseminat ions to the in t rus ion proper , and 
the genesis of the su lphide disseminat ion. 

The topic of the presen t s tudy is pa r t of a 
much wider problem. Namely, does the 
magma, which produces ore deposits con-
ta in ing paragenes is py r rho t i t e -pen t l and i t e -
chalcopyri te , have to be original ly d i f f e r en t 
in one w a y or another , or do the crys ta l l i -
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zation condit ions induce ore fo rming p ro -
cesses? If the la t te r a l t e rna t ive is accepted, 
a n e w quest ion arises. How a re the ore 
fo rming processes connected w i th the c rys ta l -
l ization of magma, and is it possible to ob-
serve f r o m a layered sequence the separa t ion 
of sulphides f r o m the sil icate mel t? This 
quest ion is of g rea t prac t ica l impor tance in 
the explora t ion of Ni-ores. The examina t ion 
of th is subjec t is backed by expe r imen ta l 
s tudies on the solubil i ty of su lphur , by 
which r e m a r k a b l e resu l t s h a v e been achieved 
du r ing the last f e w years (Maclean 1969; 
Haugh ton et al. 1974; Sh ima & Na ld re t t 1975). 

The Porttivaara intrusion 

The 'Syöte- type gabbros ' r ep resen t a 
l ayered intrusion, t h a t i n t ruded be tween the 

basemen t complex and the over ly ing vol-
canics, and was split into several s epa ra te 
blocks by la ter tectonic movemen t s (Pi i ra inen 
et al., 1974). Of these blocks, t h e P o r t t i v a a r a 
body represen t s the most cen t ra l ly located 
and the best known p a r t of the int rusion, as 
can be seen f r o m the n u m e r o u s publ icat ions 
and unpubl i shed s tudies (Ohenoja 1968; Pi i -
r a inen & Juoppe r i 1968; Juoppe r i 1970; Häk l i 
1971; Mäkelä 1975; K e r k k o n e n 1976; I sohanni 
1976; Juoppe r i 1977; P i i ra inen et al. 1977). 

The P o r t t i v a a r a block fo rms a bel t of 
maf ic rocks appr . 30 k m long and 4 km wide 
be tween the basemen t complex and the vol-
canics (Fig. 2). On the basis of the in t e r -
p re ta t ion of g rav ime t r i c survey results , t he 
th ickness of the body is 2 k m (Fig. 4). T h e 
s t r ike of the layer ing and the igneous l amina-
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Fig. 4. An interpretation of gravimetric profile A-A' across the Porttivaara massif. Density contrasts 
in kg/m3. Line A-A' is marked on the geological map (Fig. 2). 

t ion runs para l le l to the long axis of the 
massif , or E-W, w i th a dip of 35°—40° to the 
nor th . 

Border zones sepa ra te the body bo th f r o m 
the over lying volcanics and f r o m the base-
m e n t complex rocks on the foot wal l side 
(Fig. 5). On the basis of the mine ra l com-
posit ions and the r h y t h m i c layer ing of the 
rocks the layered sequence can be subdivided 
downwards , using Streckeisen 's (1976) t e r -
minology, as fol lows: 

Anor thosi t ic gabbro II 
Magne t i t e gabbro 
Anor thosi t ic gabbro I 
Gabbronor i t e III 
Olivine gabbronor i t e 
Gabbronor i t e II 
Gabbro 
Gabbronor i t e I 
Olivine nor i te 

The lower pa r t s of the body conta in d i f -
f e r e n t nor i tes and gabbros, the cons t i tuent 
minera l s of which are o r tho- and cl inopyro-
xene, plagioclase, and in some layers, olivine. 

In the uppe r pa r t s of the body plagioclase 
p redomina tes over c l inopyroxene, which 
occurs be tween the plagioclase crystals . In 
the lower pa r t of the anorthosi t ic gabb ro 
the re is a magne t i t e gabbro horizon, which 
contains an economical ly viable concent ra -
tion of v a n a d i u m bea r ing i lmenomagnet i t e ; 
the Mus t avaa ra v a n a d i u m mine. 

The chemical composit ion of the mine ra l s 
changes regu la r ly f r o m the bo t tom u p w a r d s 
(Fig. 6). The Mg/Fe- ra t io of the or tho- and 
c l inopyroxenes and the olivine, and the A n -
content of plagioclase genera l ly decreases 
upwards , w i th the except ion of the anor -
thositic gabbro II, w h e r e the plagioclase m a y 
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T
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are 
a 

great 
num

ber 
of 

analyses 
available from

 the layered series of the body, 
and 

on the 
basis 

of 
these, M

äkelä 
(1975) 

has 
estim

ated 
that 

the 
parent 

m
agm

a 
of 

the 
intrusion is, in com

position, a tholeiitic 
basalt. 

In 
connection 

w
ith 

this study, several 
analy-

ses w
ere perform

ed on the contact gabbros of 
the 

m
arginal 

border 
group 

(T
able 

1), 
w

hich 
indicate 

that 
the 

contact 
gabbros 

are, 
in 

m
ost cases, olivine norm

ative, w
hich 

suggests 
a m

ore basic parent m
agm

a 
than is 

indicated 

by 
that 

part 
of 

the 
intrusion 

visible 
at 

pre-
sent, and the existence of hidden 

layers. 

T
he m

arginal 
border group of 

the 
P

ortti-
vaara 

intrusion 

A
ll the 

rock 
types, 

that 
occur betw

een 
the 

layered 
sequence 

proper 
and 

the 
unaltered 

basem
ent 

com
plex, 

are 
included 

in 
the 

m
arginal border group (Figs. 3, 5 and 7). 

T
he 

border group contains 
three parts, 

as 
follow

s 
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Fig. 6. Stratigraphic sequence of cryptic layering in the Porttivaara massif. The plagioclase compo-
sitions are based on optical determinations, the olivine and pyroxene compositions on microprobe 
analyses (Table 3). Cumulus minerals are indicated by solid lines, and intercumulus minerals by 

broken lines. 

( f rom the bo t tom upwards) : a lb i te -quar tz 
rock, contact gabbro and u l t ramaf i to l i tes . 
The t rue wid th of the border zone var ies 
f r o m 50—200 m. 

The dominan t rock type of the ba semen t 

complex is an oligoclase gneiss (Matisto 1958), 
the cons t i tuent minera l s of which are: oligo-
clase, quar tz and biotite. The chemical com-
position of this rock resembles tha t of g r a y -
wackes (Table 1). The oligoclase gneiss is 
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Fig. 7. The structure of the marginal border group at Rusamo based on the diamond drill-holes of 
Outokumpu Co. The drill-holes are marked on the map of the marginal border group (Fig. 3). 
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heterogeneous conta ining d i f f e r e n t k inds of 
inclusions, of which amphibol i tes m a y cover 
wide areas. The amphibol i tes and oligoclase 
gneisses of the basement complex are cut by 
grani tes . 

T h e gneissose rock types of the basement 
complex grade, t owards the basic body into 
a lb i te -quar tz rocks, which at f i r s t c lear ly 
display s t ruc tu res typical of the basement 
complex. Close to the in t rus ion these s t ruc -
tu res disappear , and the rock grades into a 
homogeneous, a l lo t r iomorph ic -g ranu la r al-
b i t equar tz rock, t h a t m a y occur as dykes 
cut t ing the maf ic rocks of the bo rde r zone. 

Higher up, maf ic por t ions appear in the 
a lb i te -quar tz rock. The i r amoun t increases 
rap id ly unt i l a maf ic rock, t h a t contains 

a lb i te -quar tz rock only as hazy s t reaks and 
veinlets, is reached (Fig. 9, Fig. 10). This 
rock type is called the contact gabbro . It is 
also he te rogeneous in its gra in size, wh ich 
var ies f r o m f ine to coarse. Similar ly , its 
chemical composit ion var ies f r o m u l t rabas ic 
to basic, and in some inde t e rmina t e blotches 
and pegmat i t ic veins, is even acidic. H o w -
ever, ol ivine no rma t ive gabbros p r edomina t e 
(Table 1 and Fig. 8), w h e r e the plagioclase is 
hypid iomorphic and the ura l i t e (pseudomorph 
of pyroxene) is poikilitic. In places, in the 
contact gabbro, t he re a re skele ta l relics of 
i lmenomagnet i te . 

The same u l t ramaf i to l i tes , which can occur 
as inclusions in the contact gabbro , f o r m a 
u n i f o r m layer above it. This u l t r amaf i to l i t e 
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Fig. 8. The distribution of Ni, Cu, Co, S, and H j O + compared with C . I .W.P. norms in a profile across 
the marginal border group at Rusamo. Specimens 1—8 represent contact gabbro, 9—10 albite-quartz 

rock and 11 oligoclase gneiss. The numbering coresponds to table 1. 

l ayer is a metaper ido t i t e at the bot tom and a 
rne tapyroxeni te at the top. The u l t r a -
maf i to l i tes a re included in the marg ina l 

border group, and only above them does one 
f ind the rock types of the layered sequence, 
t ha t crystal l ized fol lowing Fenner ' s series. 
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Fig. 9. Albite-quartz rock inclusions in the contact gabbro. 

Sulphide dissemination in the marginal 
border group 

The marg ina l border g roup is character ized 
by the disseminat ion of sulphides. The best 
d isseminat ion is encounte red at the top of 
the contact gabbro, w h e r e it t akes the f o r m 
of uneven ly d is t r ibu ted cloud-l ike enr ich-
ments . In some places the zone is re la t ive ly 
rich in sulphides, in o thers the sulphides m a y 
be pract ical ly missing. The re is no dist inct 
b o u n d a r y be tween d isseminated and b a r r e n 
rock. In addit ion to the contact gabbro, 
sulphides also occur in places in the me ta -
peridot i te , and in the i n t e r m i x t u r e of contact 
gabbro and a lb i te -quar tz rock, b u t minera l i -
zation did not cont inue into the layered 
sequence nor into the a lb i te -quar tz rock 
under ly ing the contact gabbro . Fig. 8 shows 
the d is t r ibut ion of Ni, Cu, Co, S and H ä O + 

compared wi th the C.I.P.W. no rms in a prof i le 
across the marg ina l bo rde r group. 

The const i tuent mine ra l s of the su lphide 

disseminat ion are as fol lows: Chalcopyri te , 
pent landi te , py r rho t i t e and pyr i te . If p y r r h o t -
ite is absent , mi l ler i te m a y occur as a con-
s t i tuen t minera l . The fol lowing accessory 
minera l s have been ident i f ied: Covellite, 
violari te , marcasi te , sphaler i te , mackinawi te , 
a rgen t ian pent landi te , hessite, gold, m e r e n -
skite, f roodi te , michener i te and sperryl i te . 
The sulphides occur as drople ts w i th d iam-
eters of 0.5—2 cm and as a f ine g ra ined 
chalcopyr i te disseminat ion. The drople ts a re 
ma in ly concent ra ted a round a lb i te -quar tz 
blotches and s t reaks (Fig. 10). 

Chalcopyrite 

The main mine ra l of the su lphide dissemi-
na t ion is chalcopyri te . This of ten occurs in 
the su lphide droplets, usua l ly at the i r centers, 
a l lo t r iomorphical ly be tween pyr i t e and pen t -
landi te grains , and more of ten outs ide drop-
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Fig. 10. A hazy albite-quartz inclusion with disseminated sulphides in the contact gabbro. 

lets as a ve ry f ine gra ined disseminat ion 
pa r t ly as inclusions in u ra l i t e (Fig. 11). Chal -
copyr i te is pa r t l y a l tered to covellite. The 
composit ions of chalcopyr i te and covellite a re 
indicated in t ab le 2. 

Pentlandite 

Pen t l and i t e occurs as gra ins in the su lphide 
drople ts toge ther w i t h pyr rho t i t e , chalco-
py r i t e and pyr i te (Fig. 12), and as small ex -

Fig. 11. Fine grained disseminated chalcopyrite (white) in the contact gabbro. Polished thin section. 
Magn. 30 x. 
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Fig. 12. Pyrrhotite (po), pentlandite (pe) and pyrite (py), in a sulphide droplet in the contact gabbro. 
Magn. 30 x. 

solutions in the pyr rhot i te , which su r rounds 
the droplets . Moreover , pen t l and i t e occurs 
as wide grains, 5—6 m m in d iameter , inside 
which the re of ten exist relics of pyr rho t i t e . 
The Fe/(Fe + Ni)-rat io of pen t l and i t e var ies 
wi th in the r ange 0.427—0.468 (Table 2). I ron 
r ich m e m b e r s a re f o u n d in pyr i te bea r ing 
parageneses . 

Pyrrhotite 

P y r r h o t i t e fo rms the outer r im in the 
sulphide drople ts (Fig. 12), and occurs as 
separa te g ra in c lusters toge ther wi th pen t -
landite . The crys ta l s t r uc tu r e of py r rho t i t e 
is monoclinic. I ts Ni-content is re la t ive ly 
high, over 0.45 %>, and Co-content low, about 
0.05 °/o (Table 2). The py r rho t i t e is pa r t l y 
a l te red to pyr i te and marcas i te . 

Pyrite 

Pyr i t e occurs as more id iomorphic gra ins 
t han the o ther sulphides. These g ra ins a re 

o f t en su r rounded by a porous pyr i te . P y r i t e 
occurs toge ther wi th pen t l and i t e and chalco-
pyr i t e inside the concentr ic su lphide droplets , 
w h e r e it m a y f o r m a myrmek i t i c t e x t u r e 
wi th chalcopyri te . The Co-content of py r i t e 
is high, o f t en over 2 °/o (Table 2). 

Pt-Pd-minerals 

The sulphide disseminated rocks conta in 
some P d and Pt . The i r to ta l concent ra t ion 
m a y be up to 1 ppm. The P t / (P t + Pd) - ra t io 
var ies f r o m 0.2—0.6. The fol lowing P t - P d -
rninerals have been ident i f ied: merenski te , 
f roodi te , michener i t e and sperryl i te . They 
occur as smal l inclusions ma in ly in chalco-
pyr i t e and pyr rho t i t e . 

The genesis of the marginal border group 
and the related sulphide dissemination. 

As the basic m a g m a i n t r u d e d be tween the 
Archean gneisses and the over lying volcanics, 

5 



Table 2. 
Institute 

Microprobe analyses of sulphides in the marginal border group of the Porttivaara massif. Analyses were carried out at the 
of Electron Optics, University of Oulu. 

1 2 3 4 5 6 7 8 9 10 11 

Zn n.d. 0.01 n.d. n.d. n.d. 0.01 0.01 0.02 0.03 0.02 n.d. 
Cu n.d. n.d. 32.8 33.2 70.0 0.11 0.17 0.01 n.d. 0.01 0.44 
Ni 35.2 38.5 0.02 0.02 0.26 0.47 0.69 0.78 0.47 0.06 0.03 
Co 0.61 0.95 0.03 0.04 0.07 0.04 0.05 0.05 0.04 1.21 2.14 
Fe 31.0 28.7 30.6 30.6 n.d. 61.7 59.1 59.1 59.5 47.0 44.5 
S 33.4 32.2 34.1 34.1 27.8 40.0 38.7 38.9 40.0 52.6 51.5 

Total 100.21 100.36 97.55 97.96 98.13 102.33 98.72 98.86 100.04 100.90 98.61 

1 = pentlandite, specimen M278D 7 = pyrrhotite, specimen M278H 
2 = » M295 8 = » » M295 
3 = chalcopyrite, M278H 9 = » » M278C 
4 = » M295 10 = pyrite, » M278D 
5 = covellite, M278C 11 = » » M278C 
6 = pyrrhotite, M278D n.d. = not detected 
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50 60 70 

• Olivine norite • Olivine gabbronorite 
a Gabbronorite I I A Gabbronorite I I I 

• Magnetite gabbro 

Fig. 13. The crystallization trend for the pyroxenes in the layered series of the Porttivaara massif, 
based on microprobe analyses (Table 3), and estimated equilibration temperatures (°C) for pyroxenes! 

Temperatures calculated according to Wood and Banno (1973). 

a 2 km thick lopoli th w a s fo rmed wi th two 
essent ial par t s : a wide layered inner p a r t and 
a re la t ive ly th in bo rde r zone. The marg ina l 
border g roup is composed of a heterogeneous, 
su lphide disseminated contact gabbro , m e t a -
per idot i te and a lb i te -quar tz rock. In order 
to unde r s t and the reason for the exis tence of 
the su lphide disseminat ion in the border zone, 
a t ten t ion mus t also be paid to the inner pa r t s 
of the in t rus ion. 

The inside of the in t rus ion was fo rmed as 
a closed system, which, w i th decreas ing t em-
pera tu re , crystal l ized according to Fenner ' s 
series producing ol ivine and pyroxene 
gabbros and magne t i t e gabbros, whi le at the 
same t ime plagioclase cumula t ed in the upper 
pa r t s as anorthosi t ic gabbros . In the l ight 
of Osborn 's (1959) expe r imen ta l work , the 
crysta l l izat ion order of the in t rus ion indi-
cates, t ha t the wa te r content and the fugac i ty 
of oxygen w e r e low in the magma , especially 
at the beginning of crystal l izat ion. A hot, 
d ry m a g m a is also indicated by the fac t t ha t 
the crystal l izat ion took place at a high t em-

p e r a t u r e wi th in a re la t ive ly n a r r o w t e m p e r a -
t u r e in te rva l (Table 3, Figs. 6 and 13). Even 
though the amoun t of m a g m a was great , t h e 
tota l amoun t of d i f fe ren t i a t ion was small . 

When the hot, d ry m a g m a made its way, in 
a cool env i ronment , be tween the b a s e m e n t 
complex and the volcanics, its borders chilled 
and crystal l ized rapid ly . Brecciat ion took 
place s imul taneously , and d i f f e r en t al ien 
blocks mixed wi th the crystal l iz ing magma . 
An open sys tem developed at the b o r d e r 
zone, w h e r e in terac t ion took place be tween 
the m a g m a and its sur roundings . As a r e su l t 
of this con tamina t ion the fugac i ty of oxygen 
rose, which led to the crysta l l izat ion of 
i lmenomagne t i t e in the bo rde r zone and to 
the cumula t ion of Mg-Fe-si l icates above t h e 
p a r t l y mol ten border zone. Al toge ther these 
coincidences lowered decisively the solubi l i ty 
of the sulphides in the m a g m a causing t h e 
genera t ion of a su lphide melt , which w a s 
enr iched in the contact gabbro . 

T h e t h e r m a l ef fec t of the in t rus ion mel ted 
alien blocks mixed wi th the bo rde r zone. 
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Table 3. Microprobe analyses of olivines and pyroxenes in the layered series and structural formulae 
calculated on the basis of 4 oxygen atoms for olivines and 6 oxygen atoms for pyroxenes. Analyses were 
carried out at the Institut of Electron Optics, University of Oulu. 

1 Ol 3 Ol 4 Ol 5 Ol 2 Opx 4 Opx 5 Opx 6 Opx 7 Opx 

SiOä 39.7 38.6 37.8 39.0 53.9 53.6 53.9 53.5 52.9 
TiO-} 0.01 0.02 0.02 0.04 0.23 0.14 0.29 0.17 0.17 
AI2O3 0.14 0.04 0.11 0.06 1.40 1.11 1.15 1.15 1.27 
CrL>0:>, n.d. n.d. n.d. n.d. 0.21 0.06 0.05 0.19 0.17 
FeOtot 23.5 28.0 27.0 27.9 14.4 15.8 16.2 17.0 20.7 
MnO 0.27 0.36 0.38 0.29 0.31 0.35 0.31 0.32 0.40 
MgO 39.5 34.1 37.5 35.1 26.8 26.2 26.2 24.6 23.4 
CaO 0.10 0.09 0.09 0.14 2.13 2.08 2.22 2.00 1.61 

total 103.22 101.21 102.90 102.53 99.38 99.34 100.32 98.93 100.62 

Si 1.002 1.016 0.977 1.012 1.955 1.958 1.953 1.972 1.950 
Al 0.045 0.042 0.047 0.028 0.050 
Al 0.004 0.001 0.003 0.002 0.015 0.006 0.002 0.022 0.005 
Ti 0.000 0.000 0.000 0.001 0.006 0.004 0.008 0.005 0.005 
Cr , 0.006 0.002 0.001 0.006 0.005 
Fe2 + 0.496 0.616 0.584 0.605 0.437 0.483 0.491 0.524 0.638 
Mn 0.006 0.008 0.008 0.006 0.010 0.011 0.010 0.010 0.012 
Mg 1.486 1.338 1.445 1.357 1.449 1.427 1.415 1.351 1.286 
Ca 0.003 0.003 0.002 0.004 0.083 0.081 0.086 0.079 0.064 

Fo 75.0 68.5 71.2 69.2 — — — — — 

Fa 25.0 31.5 28.8 30.8 — — — — • 

En — 73.3 71.3 70.7 68.8 64.3 
Fs 22.6 24.7 25.0 27.2 32.5 
Wo — 4.2 4.1 4.3 4.0 3.2 
100 Mg/ 74.3 66.4 (Mg + Fe + Mn) — — — — 76.4 74.3 73.9 71.7 66.4 

Ol = Olivine 
Opx = Ca-poor pyroxene 
Cpx = Ca-rich pyroxene 
1 = Olivine norite, specimen W112-1 
2 = Gabbronorite II, specimen W047 
3 = Olivine gabbronorite, specimen M197B 
4 = Olivine gabbronorite, specimen W351 
5 = Olivine gabbronorite, specimen W059 
6 = Gabbronorite III, specimen W060 
7 = Gabbronorite III, specimen W201A 
8 = Gabbronorite III, specimen M133 
9 = Gabbronorite III, specimen M155 
10 = Magnetite gabbro, specimen M327 
n.d. = not determined 

The obligoclase gneisses of t h e basemen t 
complex w e r e a l te red and pa r t l y remobil ized 
ad j acen t to the in t rus ion. Wi th a lower ing 
of the t e m p e r a t u r e the ma te r i a l t hus gene r -
a ted crystal l ized as a lb i te -quar tz rocks be-
tween the basement complex and the contact 
gabbro , and as hazy s t reaks and veinle ts 
w i th in the contact gabbro . T h e sulphide 

mel t was p resen t in all the s tages of t h e 
contact zone and reached equi l ib r ium at a 
low t e m p e r a t u r e . 

The su lphide mel t was gene ra t ed con-
temporaneous ly w i t h the in t rus ion of the 
magma, and the inne r pa r t s of the in t rus ion 
crystal l ized a f t e r w a r d s in a closed system, 
which did not yield condit ions in wh ich the 
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Table 3. Microprobe analyses of olivines and pyroxenes — continued 
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1 Cpx 2 Cpx 3 Cpx 4 Cpx 5 Cpx 6 Cpx 7 Cpx 8 Cpx 9 Cpx 10 Cpx 

51.7 51.7 51.7 49.8 51.5 50.8 51.6 52.6 52.4 50.1 
0.49 0.90 0.73 0.72 0.72 0.84 0.65 0.54 0.52 0.40 
2.11 2.65 2.10 2.46 2.46 2.36 1.98 1.72 2.25 2.12 
0.09 0.11 n.d. 0.03 0.13 0.07 0.08 n.d. n.d. n.d. 
7.37 8.08 8.53 8.78 9.13 9.80 10.2 11.2 12.3 12.6 
0.08 0.15 0.18 0.20 0.18 0.23 0.20 0.26 0.21 0.22 

15.6 15.0 15.1 14.6 14.6 14.2 14.3 14.4 13.6 12.6 
21.3 21.0 20.6 21.3 20.5 21.1 20.7 21.0 19.8 19.9 

98.74 99.59 98.94 97.89 99.22 99.40 99.71 101.72 101.08 97.94 
1.935 1.923 1.938 1.901 1.930 1.914 1.935 1.941 1.947 1.935 
0.065 0.077 0.062 0.099 0.070 0.086 0.065 0.059 0.053 0.065 
0.029 0.039 0.031 0.012 0.039 0.018 0.023 0.016 0.045 0.031 
0.014 0.025 0.021 0.021 0.020 0.024 0.018 0.015 0.015 0.012 
0.003 0.003 — 0.001 0.004 0.002 0.002 
0.231 0.251 0.267 0.280 0.286 0.309 0.320 0.346 0.382 0.407 
0.003 0.005 0.006 0.006 0.006 0.007 0.006 0.008 0.007 0.007 
0.870 0.832 0.844 0.831 0.816 0.797 0.799 0.792 0.753 0.725 
0.854 0.037 0.827 0.871 0.823 0.852 0.832 0.830 0.788 0.823 

44.5 43.2 43.4 41.8 42.2 40.6 40.8 40.1 39.0 37.0 
11.9 13.3 14.0 14.4 15.1 16.1 16.7 17.9 20.1 21.1 
43.6 43.5 42.6 43.8 42.6 43.3 42.5 42.0 40.8 42.0 
78.9 76.5 75.5 74.3 73.6 71.6 71.0 69.1 66.0 63.7 

su lphide mel t could have separa ted f r o m the 
sil icate mel t as an immiscible su lphide 
l iquid. Only an open system in the marg ina l 
border g roup was able to decrease the solu-

bi l i ty of the sulphides in the m a g m a to p ro -
duce a su lphide melt . The separa t ion of sul -
phides is, therefore , no longer de tec tab le in 
the rocks of the layered sequence. 
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